Abstract The inbred HcB19 mouse strain expresses a truncated form of thioredoxin interacting protein and is phenotypically characterized by fatty liver and elevated plasma triglycerides and VLDL. Recently, these mice have been proposed as an animal model for familial combined hyperlipidemia. The aim of the present study was identification of hepatic proteins specifically associated with the presence of fatty liver. Eighteen differential proteins were detected in whole-liver homogenate from HcB19, or the parental strain C3H, using 2D electrophoresis, and 11 of those were successfully identified by mass spectrometry. Five of the identified differential proteins were mitochondrial, two peroxisomal, two cytosolic, and two secretory. 
Fatty liver, also known as hepatic steatosis or nonalcoholic steatohepatitis (NASH), is characterized by the accumulation of fat droplets within the cytoplasm of hepatocytes (1) . Two essentially different metabolic processes can underlie the development of fatty liver. First, hepatic triglycerides (TGs) may accumulate because of an inadequate capacity of the liver to secrete TGs in VLDL. This has been reported in human subjects with hypobetalipoproteinemia (2) . Second, TG synthesis in the liver may be accelerated to such an extent that mechanisms for fat oxidation and secretion are no longer sufficient to prevent intrahepatic TG accumulation. In this latter case, fatty liver can be associated with increased rates of VLDL secretion [as reviewed in ref. (3)]. An example is fatty liver in human subjects with familial combined hyperlipidemia (FCHL) (4), as well as type 2 diabetes mellitus and the metabolic syndrome [as reviewed in ref. (5)].
In general, fatty liver is a benign condition, but it can potentially progress into NASH, with the risk of progression into end-stage liver disease, i.e., cirrhosis or hepatocellular carcinoma (6, 7) . Current literature suggests that progression from fatty liver to steatohepatitis may occur by a two-step mechanism in which insulin resistance may comprise the initial step (8) , and the second step may be through oxidative damage. Furthermore, steatosis or NASH also contributes to, or reflects, insulin resistance of the liver, thus promoting a vicious circle of increasing insulin resistance and steatosis (3) . Proteins induced in these mechanisms may be of great importance in advancing understanding of these processes, or even be potential therapeutic targets. To our knowledge, only a few studies addressed protein expression in NASH (9) (10) (11) .
The HcB19 mouse strain is an inbred mouse strain on a C3H background. HcB19 mice are phenotypically characterized by hyperlipidemia, elevated plasma levels of apolipoprotein B, and free fatty acids, as well as hypersecretion of hepatic TGs and increased hepatic TG levels (12) . Recently, the gene defect in HcB19 was identified in thioredoxin interacting protein (TXNIP) (13) . The TXNIP gene encodes a cytoplasmic inhibitor of thioredoxin (TRX), a major regulator of cellular redox state. These mice have been proposed with a hepatic fatty acid metabolism defect, channeling fatty acids toward ketogenesis (13) . Interestingly, TXNIP has a chromosomal location that is synthenic with human chromosome 1q21-23, a locus that showed linkage with FCHL in several populations (14) (15) (16) , although the contribution of TXNIP to FCHL is still unknown. The HcB19 mouse thus represents an animal model of fatty liver in combination with elevated plasma TGs, caused at least in part by VLDL overproduction. It shares many features with the metabolic syndrome and also with FCHL, especially with those patients that express combined hyperlipidemia or isolated hypertriglyceridemia. It was the aim of this study to identify differentially-expressed proteins in livers of HcB19 mice versus the parental C3H strain, to improve our insight into the metabolic pathways that contribute to development of fatty liver in hyperlipidemia, and to advance insights into the role of the TXNIP/TRX system in this process.
MATERIALS AND METHODS

Collection of plasma and liver
HcB19 mice and C3H mice (courteous gift of P. Demant) were maintained at the laboratory animal facility of the Maastricht University at a 12 h day/night cycle on normal dietary chow. Prior to the collection of plasma and tissue, mice were fasted overnight in a clean cage. Blood was collected via orbital punction in gel tubes (microtainer SST, Becton and Dickinson) containing 10 l of 660 mM EDTA on ice. The animals were sacrificed after blood collection, the liver was excised, rinsed in ice-cold saline, snap-frozen in liquid N 2 , and stored in liquid N 2 . For each animal, the total procedure of blood and liver sampling was completed in less than 15 min. Blood samples in EDTA were centrifuged (5 min at 13,000 rpm, 4 Њ C), and the plasma fraction was transferred into new tubes and immediately frozen at Ϫ 20 Њ C. All procedures were approved by the Animal Ethical Committee of the University of Maastricht.
Biochemical procedures
Plasma cholesterol, TGs, and NEFA were determined colorimetrically (Roche Diagnostics, Germany). Total iron was determined in liver homogenates (17) . Protein concentrations were determined using the BioRad protein assay (BioRad, The Netherlands).
2D electrophoresis
Liver tissue was homogenized in isoelectric focusing (IEF) sample buffer [9.5 M urea, 2% (w/v) CHAPS, 0.8% (w/v) Pharmalyte pH 3-10, 1% (w/v) DTT] to a final concentration of 2-10 mg/ml. As protease inhibitor, complete protease inhibitor cocktail tablets (Roche) were used according to manufacturer's description. Isoelectrofocusing was performed on an IPGPhor (Amersham-Pharmacia) using 3-10 linear 18 cm IPG strips (Immobiline Dry Strips, Amersham-Pharmacia). A sample (75 g) was loaded and active rehydration was performed for 16 h at 30 V and 20 Њ C. IEF strips were run at 100 V (1 h), 150 V (1 h), 200 V (1 h), 500 V (1 h), 1,000 V (1 h) gradient to 8,000 V in 390 min, and 8,000 V (3 h), and were subsequently stored at Ϫ 80 Њ C until the second run was performed. Prior to the second run, IPG strips were equilibrated for 15 min in 6 M urea, 30% w/v glycerol, 2% SDS, and 1% (w/v) DTT, and then in 6 M urea, 30% w/v glycerol, 2% SDS, and 4% (w/v) iodoacetamide, respectively. IPG strips were loaded on 10% polyacrylamide gels (18.5 cm ϫ 20 cm), and a piece of filterpaper soaked with 15 l of protein standard (BioRad) was run at the side of the gels for reference of molecular weights (MW). Gels were sealed with low-melt agarose and run for 8 h at 200 V in a Dodeca Cell (BioRad). Gels were fixed in 50% methanol and 5% glacial acetic acid for 1 h at room temperature and silver-stained according to the mass spectrometry-compatible method adapted from Shevchenko (18) . Gels were stored in milliQ water at 4 Њ C until spot excision.
Gel images were captured with an 800 GS scanner (BioRad) and analyzed using PDquest software (BioRad). Protein spots were quantified after normalization for total protein on the gel. Liver homogenates from three HcB19 mice and three C3H mice were each analyzed in triplicate on 2D gels, so a total of 18 gels were used in the analyses. For statistical analyses, the average results of the triplicates were calculated, and the resulting values were used as independent data-points in statistical analyses. Spots with P Ͻ 0.1 were manually excised. An exception to this approach was made for a series of proteins at the top of the 2D gels ( Ͼ 100 kDa) that were clearly present in C3H and less so in HcB19. Considerable distortion in this part of the gels hindered the use of reliable landmarks, making analysis with the PDquest software not feasible. Therefore, this series of spots were quantified using Quantity One software (BioRad). Statistical analysis of these data was done exactly as described for the PDquest data.
In-gel digestion
Generally, protein spots to be identified were picked from 5-8 different gels and pooled prior to in-gel digestion. Protein spots were manually excised from the gel and processed on a Mass-PREP digestion robot (Waters, Manchester, UK) according to the following protocol: silver-stained spots were destained with 15 mM potassium ferricyanide/50 mM sodium thiosulphate. Disulfide bonds were reduced with 10 mM DTT in 100 mM ammonium bicarbonate for 30 min, followed by alkylation with 55 mM iodoacetamide in 100 mM ammonium bicarbonate for 20 min. Spots were washed with 100 mM ammonium bicarbonate to remove excess reagents and dehydrated with 100% acetonitrile. Trypsin (6 ng/ l) in 50 mM ammonium bicarbonate was added to the gel plug and incubated at 37 Њ C for 5 h. The peptides where extracted with 1% formic acid/2% acetonitrile.
Mass spectrometry
For matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometry, 1.5 l of each peptide mixture and 0.5 l matrix solution (10 mg/ml ␣ -cyano-4-hydroxycinnamic acid in 50% acetonitrile/0.1% trifluoroacetic acid) was spotted automatically onto a 96-well-format target plate. The spots were allowed to air dry for homogenous crystallization. Spectra were obtained using a MALDI-linear reflectron mass spectrometer (Waters, Manchester, UK). The instrument was operated in positive reflectron mode. Acquisition mass range was 900-3,000 Da. The instrument was calibrated on 6-8 reference masses from a tryptic digest of alcohol dehydrogenase. In addition, a nearpoint lockmass correction for each sample spot was performed using adrenocorticotropin 1-39 (MH ϩ 2,465.199) to at PENN STATE UNIVERSITY, on February 23, 2013 www.jlr.org Downloaded from achieve maximum mass accuracy. Typically, 100 shots were combined, background substracted, slightly smoothed, centroided, and deisotoped. A peptide mass list was generated for subsequent database search. MALDI procedures were done in the Maastricht Proteomics Center. When peptide masses in the spectra were low, samples were concentrated on zip-tips (Millipore) and rerun. Protein spectra were identified in the MASCOT program (http://www.matrixscience.com, Matrix Science Ltd.). One miscleavage was tolerated, and carbamidomethylation was set as a fixed modification. The proteins with a significant MOWSE score were checked for their (calculated) MW. Protein identifications were considered correct when this (calculated) MW agreed with the mass of the spot on the 2D gels.
Confirmation of proteome analysis results
The MALDI results for catalase (CAT) were confirmed on Western blotting. Equal amounts of liver homogenate were separated on 7.5% SDS-PAGE and transferred to polyvinylidene difluoride membrane. Membranes were probed with antiCAT (polyclonal antiCAT, SanverTech) and a peroxidase-conjugated secondary antibody (anti-rabbit, SanverTech) and developed by enhanced chemoluminescence (Pierce SuperSignal, West Pico). The image was captured with a FluorS imager (BioRad) and analyzed using the Quantity One software. Likewise, MALDI results for succinate dehydrogenase (SDH) were confirmed using anti-70 kDa SDH flavoprotein (molecular probes) and a peroxidaseconjugated secondary antibody (anti-mouse, Dako). The results for peroxiredoxin 1 (PRDX1)were confirmed using RT-PCR with the housekeeping gene ␤ -actin as a reference. Total cDNA was prepared using a Superscript first-strand synthesis system for RT-PCR (invitrogen) according to the manufacturer's instructions. A duplex PCR was performed using the following primers: PRDX upper ATGTCTTCAGGAAATGCAAAAATT, PRDX lower TCA-CTTCTGCTTAGAGAAATACTCT (600 bp PCR product), ␤ -actin upper TCTTTGATGTCACGCACGATTTC, and ␤ -actin lower ATCGTGGGCCGCTCTAGGCACC (202 bp PCR product). Runs were performed at 60 Њ C for 20 and 22 cycles, which was within the linear range of the amplification, and PCR products were separated on 1.5% agarose gel. The image was captured with a FluorS imager and analyzed using the Quantity One software.
Statistical analyses
Data are given as mean Ϯ SD. Data for plasma TG as well as hepatic TG and iron contents were analyzed after log transformation because their nontransformed distributions were skewed. Differences for means were calculated with Student's t -test using the SPSS analysis package (version 9.0). Significance was defined as P Ͻ 0.05.
RESULTS
Biochemical phenotype
HcB19 mice had significantly higher plasma levels of TG, cholesterol, and NEFAs than C3H mice ( Table 1 ). The livers of HcB19 mice were steatotic compared with C3H. The intrahepatic amount of TG was 2.5-3 ϫ higher in HcB19 mice than in C3H mice (71 Ϯ 31 mol TG/mg protein in C3H vs. 198 Ϯ 92 in HcB19, P Ͻ 0.01, n ϭ 8). Hepatic TG content correlated with fasting plasma concentrations of TG ( r ϭ 0.632, P Ͻ 0.01, Fig. 1A ) and NEFA ( r ϭ 0.525, P Ͻ 0.05, Fig. 1B) but not with any other plasma parameter. Fatty liver was slightly more pronounced in female mice (hepatic TG Fig. 2 shows representative examples of 2D gels from HcB19 and C3H liver homogenates, on which the differential spots are indicated. An average of 700-1,400 spots were visualized in the area included in the analyses. Eighteen protein spots were differential at the P Ͻ 0.05 level, and 11 of those were successfully identified on MALDI-TOF ( Table 2 ). Among these were four novel proteins that were not previously identified in the differential pro- 
Proteome analysis
Confirmation of results
CAT and SDHA were quantified in the liver homogenates of HcB19 mice and C3H mice by immunoblotting (Fig. 3) . The results confirmed that the amount of both CAT and SDHA protein was significantly reduced in livers of HcB19 mice compared with C3H mice. Expression of CAT in HcB19 expression was 73 Ϯ 5% of expression in C3H (P Ͻ 0.005), and SDHA expression was 68% Ϯ 14% (P ϭ 0.006 vs. C3H). Differential expression of PRDX was confirmed by RT-PCR. PDRX was of interest because this a Eleven out of 18 significant (P Ͻ 0.05) proteins and four out of seven proteins with 0.05 Ͻ P Ͻ 0.1 were identified in the MALDI analyses. b Significant differential expression of peroxiredoxin 1 was shown using RT-PCR (see also Fig. 3 ).
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enzyme uses reducing equivalents provided through the TRX system to reduce peroxides. Quantification of PDRX1 mRNA confirmed that PRDX1 expression, which tended to be higher in HcB19 liver homogenates than in C3H liver homogenates on the 2D gels (P ϭ 0.07), was indeed different between the two mouse strains. The ratio of PRDX1 to ␤-actin expression in HcB19 mice (1.86 Ϯ 0.27) was 1.6-fold higher than in C3H mice (1.14 Ϯ 0.09; P ϭ 0.001).
DISCUSSION
HcB19 mice are an inbred mouse strain in which TX-NIP, a cytoplasmic inhibitor of TRX, is truncated (13) . Absence of functional TXNIP, as in HcB19, could abolish TRX inhibition and increase the reducing capacity of the TRX/TRX reductase system (19) . Indeed, we show here that PRDX, which uses reducing equivalents provided by the TRX/TRX reductase system, is expressed at significantly higher levels in HcB19 mice. This suggested that the TRX system is more active in the delivery of reducing equivalents to PRDX1 in HcB19 mice than in C3H mice, and indicates a shift of antioxidant activity toward the TRX/TRX reductase system in the livers of HcB19 mice. Recently, Simuda et al. (20) reported that patients with NASH had elevated plasma levels of TRX, suggesting that TRX levels reflect progression from fatty liver (steatosis) to steaotohepatitis. Combined, the presented data and those reported (20) should stimulate further research into the role of the TRX/TRX reductase and the TXNIP regulatory system in NASH.
At present, only a limited number of studies addressing protein expression in hepatic steatosis or NASH have been published (9) (10) (11) . The present data identified several proteins that have been implicated in steatosis or NASH in the literature: ATP5B, ALB, FTCD, HPCL2, CAT, HSPA5, and CPS1. This confirmation is of significant interest because the animals used in the previous studies had different genetic backgrounds than the steatotic HcB19 mice used in the present analyses, so apparently these proteins reflect general mechanisms in steatosis.
Four out of 11 proteins in the differential proteome have previously been associated with intracellular iron (TF; ACO2; SDH; 3HAAO, 3 hydroxyanthranilate 3,4 dioxygenase). Notably, TRX modulates activity of iron regulatory proteins by altering their binding to RNA (21) , and it is likely that absence of functional TXNIP increased TRX activity in HcB19 mice. Lower levels of ACO2 and SDHA in HcB19 (ratios of HcB19 over C3H were 0.38 and 0.21, respectively) can indicate lower intracellular iron concentrations [as reviewed in ref. (22)], and indeed we measured a highly significant, 3-to 4-fold, lower iron concentration in HcB19 livers than in C3H livers. Apparently, HcB19 mice can develop fatty liver without increased hepatic iron concentrations, which is interesting in the light of the ongoing debate on the role of hepatic iron in the development of steatosis and nonalcoholic fatty liver disease (20, 23, 24) . Several explanations may be possible for the observed relationship between lower hepatic iron content and the presence of steatosis other than TXNIP deficiency. One alternative explanation is that C3H, the parental strain of the inbred HcB19 mice, has a spontaneous mutation in an additional gene that affects hepatic iron stores (A. J. Lusis, UCLA, personal communication). On the other hand, our own preliminary data in a human population study suggest that female carriers of the rare allele of a single nucleotide polymorphism in TXNIP have significantly higher plasma iron concentrations and lower unbound-iron binding capacity, as well as increased ironsaturation, than carriers of the common allele (M. M. J. van Greevenbroek et al., unpublished observations). In HcB19 mice, low hepatic iron stores and differential expression of several proteins associated with iron metabolism (TF, ACO2, SDHA, 3HAAO) can, therefore, at least partly, result from the absence of full-length TXNIP in HcB19 mice.
Four new differential proteins were identified: SDHA, ACO2, PCCA, and 3HAAO. SDHA and ACO2 have not been implicated in fatty liver before, and deficiencies in these genes have been associated with neurodegenerative disorders and myopathies (25, 26) . Nevertheless, the lower expression of these two enzymes is in agreement with the reduced tricarboxylic acid cycle activity that was demonstrated in the livers of HcB19 mice (13) . Several of the novel hepatic proteins that we identified as differential in steatosis may be functionally involved in the development of fatty liver. PCCA is a biotin-dependent enzyme that catalyses the first of three steps in the conversion of propionyl-CoA to succinyl-CoA, which will subsequently enter the citric acid cycle. PCCA is the key enzyme in the Fig. 3 . Confirmation of 2D results and matrix-assisted laser desorption/ionization identification. The results of three of the identified proteins were confirmed using independent biochemical methods. Representative examples of the results of these assays are presented in A-C. Lanes 1 and 2 are duplicate results for HcB19 samples, and lanes 3 and 4 are duplicate results for C3H samples. A: PCR products of the duplex RT-PCR performed on RNA isolated from snap-frozen mouse liver tissue were separated on a 1.5% agarose gel and stained with ethidium bromide. Equal amounts of total RNA were used in the RT-PCR reactions. PCR products were quantified using the Quantity One program and data were expressed as the ratio of peroxiredoxin 1 (upper band)/␤-actin (lower band). B, C: Immunoblots of whole-mouse liver homogenate. Equal amounts of total liver proteins were separated on 7.5% SDS-PAGE and blotted onto polyvinylidene difluoride membranes. Membranes were probed with antisuccinate dehydrogenase (70 kDa) (B) or with anticatalase (60 kDa) (C) and the appropriate second antibody visualized with chemoluminescence and quantified using the Quantity One program.
at PENN STATE UNIVERSITY, on February 23, 2013 www.jlr.org Downloaded from catabolic pathway of odd-chain fatty acids, isoleucine, threonine, methionine, and valine. It has been shown that PCCA Ϫ/Ϫ mice exhibit fatal extreme ketoacidosis as well as fatty liver (27) . In the present study, HcB19 mice had significantly lower levels of PCCA than C3H mice (ratio 0.38). Low levels of PCCA in the livers of HcB19 mice can help explain the increased levels of ketone bodies reported in HcB19 mice (13) . A possible mechanism involves the common transcription factor AP-1. Abdullah et al. (28) showed binding of fatty acids to AP-1 (c-jun), which resulted in suppression of the expression of CPS1. Altered transcription can also occur in other genes that have a similar (putative) AP-1 enhancer site, such as ALB (29) and PCCA (30) , and may be a generalized mechanism relevant to the development of fatty liver. Of note, CPS-1, ALB, and PCCA were all lower in HcB19 mice ( Table 2) . AP-1 is a redox-sensitive transcription factor (31) , and this can be relevant in the light of the primary TXNIP gene defect and a possibly altered redox state in HcB19 mice.
With regard to the hypertriglyceridemia in HcB19 mice, 3HAAO is a promising conceptual candidate. 3HAAO is involved in tryptophan catabolism, converting 3-hydroxyanthrinilate and dioxigen into a precursor that spontaneously converts to quinolinic acid and, subsequently, to nicotinic acid. Niacin (nicotinic acid) has been shown to decrease the hepatic VLDL TG production rate in healthy human subjects (32) , and a 2-fold reduction of 3HAAO has been reported in the liver of hypercholesterolemic rabbits (33) . Additionally, several clinical studies have shown that niacin treatment in (familial) combined hyperlipidemia primarily improves the TG and HDL status (34, 35) . Recently, we found that FCHL subjects with fatty liver have hypertriglyceridemia or combined hyperlipidemia (4). Thus, the lower 3HAAO levels we found in HcB19 livers may contribute to the hypersecretion of VLDL that has been reported in HcB19 mice (12) .
In conclusion, in a comprehensive analysis of the hepatic proteins of HcB19 mice with fatty liver, we have identified several novel differential proteins, including PCCA and 3HAOO, compared with the parental strain. Both proteins are strong conceptual candidates for the molecular pathogenesis of fatty liver with hyperlipidemia. Future experiments using TXNIP-deficient mice in a presteatotic stage may reveal which of these proteins are causal in hepatic TG accumulation.
